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ABSTRACT 

We calculate the high energy (sub-GeV to TeV) prompt and afterglow emission of GRB 
0803 19B that was distinguished by a naked-eye optical flash and by an unusual strong early 
X-ray afterglow. There are three possible sources for high energy emission: the prompt optical 
and 7-ray photons IC scattered by the accelerated electrons, the prompt photons IC scattered 
by the early external reverse-forward shock electrons, and the higher band of the synchrotron 
and the synchrotron self-Compton emission of the external shock. There should have been in 
total hundreds high energy photons detectable for the Large Area Telescope (LAT) onboard 
the Fermi satellite, and tens photons of those with energy > 10 GeV. The > 10 GeV emission 
had a duration about twice that of the soft 7-rays. AGILE could have observed these ener- 
getic signals if it was not occulted by the Earth at that moment. The physical origins of the 
high energy emission detected in GRB 080514B, GRB 080916C and GRB 081024B are also 
discussed. These observations seem to be consistent with the current high energy emission 
models. 
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1 INTRODUCTION 



A breakthrough of GRB observation, made by Swift satellite in 
. 2008, is the discovery of the very bright burst GRB 803 19B which 
' was a ccompanied by a naked-eye optical flash jRacusin et al.l 
' l2008bh . The optical observation was going on even before the 
onset of the 7-ray burst because TORTOR A was monitoring 
the same region of the sky at that moment l lCwiok et al.l l200a : 
iKarpov et aiTl2008h . The X-ray telescope (XRT) onboard Swift 
satellite slewed to the source about 60 sec after the trigger of the 
burst and recorded a quickly decaying but extremely bright X- 
ray c omponent. These continuous observatio ns collected fruitful 
data jRacusin et alll2008bl : Imoom et al.ll2008l) and rendered GRB 
0803 19B one of the best-studied bursts so far. Although no very 
high-energy emission was directly detected from GRB 0803 19B 
the unique spectrum of this burst and its afterglow suggest that it 
has been accompanied by a very strong GeV-TeV emission that 
would have already been detected by AGILE if not occulted by 
earth at that moment. Based on a model in which the prompt op- 
tical and soft 7-ray emission are respectively the synchrotron and 
the first order inverse Compton (IC) radiation components of the 
internal shocks, Kumar & Panaitescu (2008), Racusin et al. (2008) 
and Fan & Piran (2008) suggested that the second order IC of 
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the internal shocks would peak in GeV-TeV energy range and the 
isotropic energy might be high up to ~ 10''^ erg (see however Pi- 
ran, Sari & Zou 2008 and Fan, Zhang & Wei 2009). Because of the 
tight overlapping of the prompt emission with the reverse/forward 
shock regions, some soft 7-rays will be up-scattered by the re- 
verse shock electrons and some prompt optical photons will be 
up-scattered by the forward shock electrons, i.e., the so-called ex- 
ternal inverse Compton (EIC). As a result, two additional GeV- 
TeV emission components with a duration ~ 100 s are expected 
(Fan & Piran 2008). In this work, we discuss these possibilities in 
more detail. Moreover, we show that the early (60 — 2000 s) for- 
ward shock synchrotron and the synchrotron self-Compton (SSC) 
emission in the energy range 20MeV — SOOGeV is a s powerful as 
the high energy emission detected in GRB 080916C dTaiima et al.1 
[2OO8). A schematic plot of the expected GeV-TeV signals from 
GRB 0803 19B is shown in Fig[T] 

Since its successful launch on lune 1 1 2008, the Fermi satel- 
lite has detected the prompt > 10 G eV emission in GRB 080916C 
jTaiima et al.ll2008l : IOmodei II2OO8I), and the GeV emiss ion follow- 
ing a short bur st GRB () 81024B to modei et al ''2008'). A s GRB 
0805 14B ( Giuli ani et all I2OO8), GRB 080825C (Bou vier et al.1 
2008), and some other events detected by the Co mpton Gamma Ray 
Observatory (CGRO) satellite in 1991-2000 iHurlev et al.1 1 19941; 
iGonzalez etaiTI |2003|) . the high energy emission of both GRB 
0809 16C and GRB 081024B lasted longer than the prompt soft 7- 



2 Y. C. ZoUy Y. Z. Fan & T. Piran 



prompt GeV-TeV 
IC emission 




forward shock 
GeV-TeV EIC emission 



forward shock 
GeV-TeV emission 



reverse shock 
GeV-TeV EIC emission 



Log (t) 



Figure 1. Schematic light cui-ves for the different component of the high 
energy emissions: prompt SSC, reverse shock EIC, forward shock EIC and 
external shock SSC respectively. 



rays. The detection of high energy signals sheds some lights on 
the bulk Lorentz factor of the ejecta, the radiation mechanisms, the 
physical composition of the outflow and the prolonged activity of 
the central engine. This is particularly the case if the simultaneous 
X-ray/optical emission data are available (see Fan & Piran 2008 for 
a recent review). In this work we'll outline the origins of the GeV 
emission from GRB 080514B, GRB 080916C and ORB 081024B, 
based on the (preliminary) public data. 

The paper is structured as follows. In Section 2, we calcu- 
late the possible prompt and afterglow GeV-TeV emission of GRB 
0803 19B. In section 3, we interpret the high energy emission de- 
tected in GRB 0805 14B, GRB 0809 16C and GRB 081024B. In 
section 4, we summarize our results with some discussions. 



2 POSSIBLE GEV-TEV EMISSION FROM GRB 080319B 



GRB 0803 19B teacusin et al] |2008b) was most notable due to its 
huge total energy and especially its extreinely luininou s prompt op- 
tical e mission that could be seen with naked eyes jCwiok et al.l 
I2OO8I : iKarpov et aO |2()08|). This burst was l ocated at a redshift 
z = 0.937 space jVreeswiik et al.l I2OO8I) and duration was 
Tgo ~57s. The peak energy of the vFi, spectrum was ~ 
675 ± 22 keV, and the photon indexes below and above Ep 
were — 0.855lg Q5^3 ~3.59to e2 respectively. Choosing stan- 
dard cosmological parameters _ffo = 70kms~^ Mpc~^, JIm = 
0.3, JIa = 0.7(corresponding to a luminosity distance Z)_L ~ 1.9 x 
lO'^^cm), we have apeak luminosity Lpcak ~ 1-0 x lO^'^erga"^ 
and an isotropic energy _Eiao 1.3 x 10^'* erg l lRacusin et al 
l2008bl : iBloom et al.l I2OO8I : iGolenetskii etal] l20oi) . iKarpov et al 
( l2008h reported the optical V-band (~ 6 x 10^"* Hz) light curve in 
the prompt phase (from ~ -10 s to ~ 100 s). Variability was evident 
and there were at least 3 or 4 main pulses in the light curve. The 
peak V-band reached magnitude of 5.3, corresponding to a flux den- 
sity ~ 28.7 Jy, and isotropic equivalent energy Eopt ~ 2 x lO^^erg 
if we take ~ 20 Jy as the average flux density. The variability and 



the very sharp decline of the prompt optical emission support an in- 
ternal origin of these optical ph otons, though the under lying phys- 
ical process is not clear yet (see Zou. Piran & Sarill2009L for a dis- 
cussion of various possible models). 

Afterglow modeling can in principle constrain the total kinetic 
energy and the initial Lorentz factor of the GRB ejecta, and the 
physical parameters of the external shocks (Sari, Piran & Narayan 
1998; Chevalier & Li 2000; Panaitescu & Kumar 2001). The behav- 
ior of the afterglow of GRB 0803 19B suggests a free wind medium 
jKumar & Panaitescu! I2OO8I ; iRacusin et al.ll2008l ; IWu et al. Il2008h . 
A self-consistent modeling of the X -ray and opti cal aftergl ow data 
favor s a two-component jet model jRacusin et a l. 2008; W u et al.l 
I2OO8). Moreover, the shock parameters of the narrow and wide 
ejecta co mponents need t o be very d ifferent, as found in GRB 
05 1221 A jjin et alj |2007|) . FoUowing iRacusin et all ( l2008b and 
IWuetal.l l EoOSi) . we take the isotropic kinetic energy of the narrow 
ejecta (represented by the subscript "n") -Ek,n ~ 3 x 10^^ er^ the 
wind parameter At ~ 0.01, the fraction of forward shock energy 
given to the electrons ec,n ~ 0.1, the fraction of forward shock 
energy given to the magnetic fieltfl eB.n ~ 10^*, the power-law 
distribution index pn ~ 2.4, and the half-opening angle Sj.n ~ 0.2 
degree. We do not discuss the wide jet component because it plays a 
less important role in producing GeV-TeV afterglow emission. The 
average Lorentz factor of the narrow jet outflow (Fi) before get- 
ting decelerated by a stellar wind medium is very high. A lower 
limit can be set by the Lorentz factor of the forward shock at 
^ 70 s, when the X-ray afterglow began to decline normally, i.e. 
( iBlandford & McKeell97^ ; lDai & Lu lll998h . 



r ^ QmEi[l,,,^A, 



-;_/*(^/70s)-^/*[(l + ^)/2]l/^ 



So a choice of Fi ~ 1000 is rather reasonable. Throughout this 

work we adopt the convenience Qx = Q/10'' in unit s of cgs 

In the lead i ng fireball in odel for GRBs (see IPiran I |2004 
iMeszaros |[2002l ; IZhang Il2007l for reviews), the synchrotron and 
IC radiation will give rise to a high-energy component that will 
be emitted along with the prompt sub-MeV photons a nd the after- 
glow radio/optical/X-ray emission jFan & Piran 1200^ . Depending 
on the seed photons' origins, IC can be SSC or EIC. Below we'll 
show that for GRB 0803 19B both processes plausibly played an im- 
portant role in producing GeV— TeV emission. This suggests that 
similar bursts will provide promising sources for the Fermi high 
energy satellite. 



^ An -E]j n high up to ~ 10^^ erg is rather unusual. Similar result has only 
been reported in the afterglow modeling of GRB 060418 ( Jin & Fan 2007i). 
However we believe that such a huge value is possible for GRB 09803 19B 
because the XRT flux at t ~ 70 s is as bright as ~ lO"'^ erg cm~^, 
which is the brightest X-ray afterglow detected so far and is even much 
brighter than most prompt X-ray emission of Swift GRBs. On the other 
hand both the spectral and the temporal behaviors of the early (60 — 2000 
s) X-ray emission strongly favor a fireball model in the slow cooling phase, 
which requires small eB,n and A* . As a result, we do need an E]^ „ ~ 10^^ 

erg to reproduce the observation data (see footnote[2)- 

^ We do not take g ~ 10~® as in[Racusin et al. j2008l) (see section 
l2.2l below) because the peak flux density of the forward shock synchrotron 
,1/2 pl/2 

-4-^k,n,55.5 



emission is F^' 



9e 



t ~ 60 sec, the X-ray (at f keVfflux"~"20 mjy jBloom et al.]|2008h disfa- 
vors an €B,n as small as ~ 10~®. On the other hand, an eB,n ~ 10~^ will 
give rise to a too large cooling Lorentz factor 7c ^ 10^''(1 + Kssc)^^, 
where the forward shock SSC parameter Vesc ■C \/ en,c/eB,n since the 
SSC emission of such energetic electrons should be in Klein-Nishina regime 
and thus be effectively suppressed. 



— 2 —1/2 
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2.1 Prompt GeV-TeV IC emission 

IZou. Piran & Saril ( I2OO9I) showed that the SSC models in which 
the soft 7-rays are the IC component of the optical photons cannot 
explain the observations. The major obstacle is the resulting high 
synchrotron self-absorption frequency and then the X-ray spectrum 
that is inconsistent with the observation. If we ignore this prob- 
lem, there is a solution with a Compton parameter y ~ 1 and 
a stochastic Lorentz factor 7c ~ 100. Then the 2nd IC peaks at 
~ 15 GeV, and the number of the detectable photons is 
YEjSdet/'iTrDj^hv2nd,ic Corresponding to detected ~ 130 pho- 
tons by LAT, with 5dct ~ lO^cm^ at GeV e nergies. Other models 
with larger Y l ead to even stronger signals f Kumar & Panaitescij 
l2008l : lRacusin et al. 2008; Fan & Piran 2008). 

As discussed in IZou. Piran & Saril ((2009), too much energy 
should be hidden either in the high energy component if using the 
SSC model, or in the low energy component of electrons if we 
assume the prompt optical emission and 7-rays were from syn- 
chrotron emission by two components of electrons in the same re- 
gion. It indicates that the two different bands of prompt photons 
should come from different geometrical regions. Below we con- 
sider these two different regions (possibly but not necessarily two 
sets of different internal shocks) within the same outflow cone, de- 
noted by the subscripts "opt" and "7" respectively. Strong high 
energy prompt emission is still possible, and it can be estimated 
even though the details of the internal shocks are still unclear The 
possible high energy emission consists of four components: self- 
IC scattering in the optical emission region; self-IC scattering in 
the 7-ray producing region; optical photons IC scattered in the 7- 
ray producing region; and soft 7-rays IC scattered in the optical 
emission region. Note that because of the steep decline of the high 
energy slope (/3 ~ 2.6) extrapolation of the soft 7-ray emission 
gives only a very weak signal. 



the IC radiation that arises when the prompt soft 7-rays cross the 
optical emission region. 

2.1.2 j-rays IC scattered in the prompt optical emission region 

If the soft 7-rays pass through the prompt optical emitting 
electrons, the "optical depth" for electrons is approximately 



ot - 



t/Tgo 



3A''^,60-Rl6 Stopt,-0.5, 



where St 



opt 



0.3 JJopt.ieT^pt 3S is the typical variability timescale of the prompt 
optical emission. For each collision the electron loses energy ~ 

7c,opt^i'7/ropt < 7c,optWeC^ aS loUg aS 7c, opt < Fopt. 

Assuming that almost all electrons carried by the GRB out- 
flow contributed to the prompt optical emission, which should be 
an upper limit, we estimate the number of electrons that participate 
in a typical optical pulse (with a variability timescale Stopt)' 

-Ek,n<5iopt 



c,p,opt 



10'^'^-Ek,n,55.5^^opt,-a.5ri^3^ . 



(4) 



FimpC^Tgo 

Using this value we estimate the optical depth for soft 
7— rays being scattered by the electrons emitting the prompt 



optical emission as r 



crTA'"c,p,opt/(47riiopt) 



5 X 



10 ^-Bk.n.ss.s^topt.-o.sFi gi^^pt ig. The total number of the IC 
photons detectable by LAT is thus 

r N^/Sdct 



N, 



dct ,7 — opt 



ATTdl 



^ 100i5k,n,55.5'5iopt,-0.5ri_3 i?op^t,16-^7,60, 

(5) 



where A'^^ is the total number of prompt soft 7— rays. The typ- 
ical energy of the IC photons is greater than -E'ic,7-opt ~ 



27c,o. 



pt,min-^P ' 



'8F, 



p-4 

opt,3-n-opt,16 



GeV. The corresponding total en- 



ergy of these photons is ~ 5 x lO"" ergs. 



2.1.3 Soft 7-ray emission region 



2.1.1 Prompt optical emission region 

The observed optical flux density limits the temperature of this re- 
gion (see the Appendix for the derivation): 



fu,opt ^ 



27ri/2pt(l + ^)^roptfcTopt 



^ opt Dl 



(1) 



where Fopt is the bulk Lorentz factor, k is Boltzmann constant, 
Topt is the temperature (while the minimal temperature Topt.min 
corresponds to the equality), and -Ropt is the emission region ra- 
dius. Thus 



fcTopt.min = 6 X 10 ""Fopt.a^, ^ 



'opt, 16 6rg. 



(2) 



Noticing that the b ulk Lorentz factor in the afterglow is high 
( iRacusin e t al. 2008), we take a fiducial value of Fopt ~ lO"' for 
the prompt phase. Considering the variability of the light curves 
and the deceleration radius, which constrains the radius should not 
be too large, then the choice lO^^cm is reasonable. The correspond- 
ing typical stochastic Lorentz factor of the electrons is 

7c,opt .min 

^ fcTopt,min/(m,cC ) ~ 75Fopt,3-Ropt,16> (3) 

where rric is the rest mass of the electron. 

The first order IC is in the soft 7-ray band. As mentioned be- 
fore the prompt soft 7-rays are unlikely to be the first order IC 
component of the optical emission. So the first order IC radiation 
of the electrons emitting optical photons would be much smaller 
than the detected soft 7-rays. Correspondingly, the 2nd order IC ra- 
diation in GeV-TeV energy range is unimportant as it falls below 



Since there may be no suitable IC model for the soft 7-rays, we as- 
sume that these soft 7-rays are the synchrotron emission at a radius 
R-y . To match the peculiar spectrum of the soft 7-rays, the cooling 
Lorentz factor 7c ~ (1 + ^) ^^^b'^h should be comparable to the 
typical Lorentz factor of the electrons 7ni JZou, Piran & Sari'2009[). 
ctt is the Thompson's cross section and 5tj ~ 0.1s (jMargutti et 3] 
l2008h is the variability timescale of the soft 7-rays. The condition 



r727'- 



9oS- 



-/(l + gives 



(6) 



where is the electron's charge. The typical Lorentz factor of the 
emitting electrons is thus 



7o 



6 X 10" F 



-1/3^ 1/3 



7,3 



(7) 



This value is relatively too high for internal shocks. However, here 
we don't need it come from the internal shocks necessarily. The 
other energy dissipation mechanisms may produce high 7e. The 
SSC will be deep in the Klein-Nishina reg ime, and pair avalanche 
effect might exist jPiran. Sari & Zoull2008l) . additional component 
of high energy photons would peak at energy F^ {m^f?)'^ / (hi/j) ~ 
400r^_3 GeV, where h is the Plank constant. 



Using 



(1 + z)iVc,7r^mcc2j-^J^, we get the 



.,49^-2/3^^2/3 
Nc.p,-fTgo/5t^ 



number of electrons for each pulse N^^p.-y ~ 9 x 10 F^ 3 
and the total number of electrons is then A'^c 
5 X W^XTst-^/f. 

The corresponding optical depth for Thomp- 
son scattering is r ~ otNc^-^i / {'^uRi,) ~ 5 x 
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10 *A'e,p,-y,5o-R-y 16- And the Compton parameter in 
KN regime is Y ^ ^I^^t /\-ye.-j h v^ / (T rrisC^)]'^ ~ 
O.OSr^, ,Af. p -V snflrjgl lPiran. Sari & Zoul l2008l) . The total 
energy of the avalanche loaded pairs is in the order of 2YE-y 
even all the first produced very high energy photons are cooled 
into steady pairs. The number of detectable photons by LAT is 
then ~ 0.\R~\q. It is thus undetectable even without taking into 
account the large optical depth (~ 10) of the universe to such 
energetic photons (Stecker et al. 2006). 



2.1.4 optical photons IC scattered in j-rays region 

If the optical photons are produced in smaller radii than the soft 7- 
rays ( R~f ^ -Ropt), they would be IC scattered in the 7-rays region. 
In this case, the electrons will be cooled to a ra ndom Lorentz facto r 
7e,^,c < 1.8xl0*r^,3i?^,i6iop\,50.7 < 7e,7 l lpan & Piran ijoosh . 
where Lopt > 5 x 10^'' erg is the luminosity of the prompt 
optical emission, suggesting that all the electrons were cooled by 
the IC scattering. The typical energy of the IC scattered photons is 
£"10, opt — t ~ ~ Ur^ |'^^5f^(!iGeV. Since the elec- 

trons lost almost all the energy, the number of the detectable pho- 
tons by LAT is 



dctjOpt — 7 



(8) 



where Ec 



Fj'jc-yNcYmcC^ is the total energy carried by the 
electrons emitting soft 7— rays. 

This discussion is valid only for ^ Ropt that is less likely. 
As long as Ropt ^ a, fewxi?^, the prompt optical emission cannot 
cool the accelerated electrons emitting soft 7— rays, because the 
photons from i?opt reached R^ in a time ~ (-Ropt — R^)/c ~ 
3 X 10'' -Ropt, 16 sec when the photons at -R-, had been disappeared 
long before. For the same reason, there would be no high energy 
photons produced by the optical region electrons as presented in 
section [2T2l (i.e.. A''dct,7-opt = 0) if -R^ > -Ropt. 



2.2 Very early EIC emission 

Whatever the mechanism is, the prompt emission should have an 
internal origin, in view of the high variability of the light curves and 
the very sharp decline dXt > T90. External reverse-forward shock 
formed very quickly. Consequently, the prompt photons passing 
through the reverse/forward shock regions were IC scattered by the 
shock accelerated electrons. As a result, two additional GeV-TeV 
EIC components were present. 



2.2.1 EIC in reverse shock region 

iRacusin et al] j2008l) and lWu e t aT* llQQ^ argued that the reverse 
shock emission of the narrow jet component had not been seen. Its 
physical parameters are thus unknown. In some optical flash mod- 
eling, the eb (or/and e^) of RS is found to be much larger than that 
of the FS (Fan et al. 2002; Zhang, Kobayashi & Meszaros 2003; 
Kumar & Panaitescu 2003; cf. Nakar & Piran 2005). However, if 
such a phenomena is popular very bright optical flashes would be 



frequently detected (McMahon, Kumar & Piran 2006), inconsis- 
tent with current optical afterglow observations. For the particular 
burst GRB 080913B, Racusin et al. (2008) argued that the RS of 
the wide jet component has an eb ~ 0.1, much larger than that of 
the corresponding FS. However, if ee ~ 0.1 holds for the RS of the 
narrow core too, the resulting optical emission would be too strong 
to match the data (X. F. Wu. 2008, private communication). On 
the other hand, assuming that these two parameters are the same as 
those of the forward shock, it is straightforward to show that the RS 
optical emission of the narrow core is ~ 0.3 Jy at the crossing time, 
outshone by the simultaneous prompt emission and consistent with 
the data. So below we simply assume that the shock parameters of 
the FS and RS are the same for the narrow jet component. 

The reverse shock emission must have overlapped the prompt 
gamma-rays and optical emission. Therefore the electrons acceler- 
ated by the reverse shock front were cooled by the prompt emission 
and gave rise to an EIC radiation component ( Beloborodov _200j; 
iFan, Zhang & Wei|[2005l) . 

The number of electrons in the reverse shock region is 

No,r ^ ~ 3 X lO^'Sk.n.ss.sra-^. (9) 

The typical radius of the reverse shock can be estimated as 

Rr ~ 2r^cr9o/(l + z) r^5x lO^'^rL cm. (10) 



The optical depth of the prompt photons being scattered by the 
electrons was 

No. 



7 X 10"°-Bk, 



11,55.5-1 2 



Tt s^i 



(11) 



On the other hand, the total number of th e prompt soft 7-ray s 
le es 

/3. 



, 'ay ? 

that reached us (per area) can be estimated as jFan & Piran Il2006h 



iVt< 



1_F_ 

(3^ hiyj^j 



(12) 



where JT ~ 10"'* erg cm~^ is the energy fluence of the prompt 7- 
rays and I3-, ~ 2.6 is the high energy spectral index of the prompt 
7-ray emission. 

The number of the reverse shock EIC photons detectable by 
the Fermi satellite and their typical energy can be estimated as 

-^Vdct.r ~ Tr-/Vtot,7 5dot ~ 3, (13) 



and 



^ 27^,,£p ~ 13 GeV (^)^ (14) 

where 7m,r0 is the minimal Lorentz factor of the electrons accel- 
erated in the reverse shock front. The ele ctrons are in slow co oling 
phase since the cooling Lorentz factor is jFan & Piran Il200§) 

10''r2.g-Rr,17.7-f'T.,52.7 > 7m, r- 



7c, 



(15) 



The Compton parameter FEiCr ~ 7m,r''"r ^ 1. So the energy of 
this EIC component was much smaller than that of the prompt soft 
7-rays. 

Here we do not take into account the cooling caused by the 
synchrotron radiation because Ub ^ eb^T^ AR~^mpC^ ~ 3.3 x 
10-^en,B,-4ri.8yl,,_2-Rr7^ ^ergcm , which is much smaller 
th&nUj ~ i^^^ir'i^ ~ 1.3r^8-Rj"7^7ergcm-^ 



By the time a single photon passes through a sub-shell, this sub-shell 
expands by a factor of ~2 in radius. Therefore subsequent scattering in 
other sub-shells will be negligible and when considering the optical depth a 
single sub-shell should be taken into account. 



7m, r ~ <:c,n(7 — l)mp/mc(pn — 2)/(pn — 1), where mp is the 
rest mass of the protons, and 7 indicates the internal energy density in the 
sho cked region. For the mi ldly Relativistic reverse shock we have 7— 1 ~ 1 
tsee lZou. Wu & Dal200l for details), which is the case for this burst. 
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Some prompt optical photons will be up-scattered by the 
reverse shock electrons and will be boosted to an energy ^ 
'2'ym.rhuopt ~ 10 keV, which is too low to be of interest. 

2.2.2 EIC in forward shock region 

The prompt emission will cool the forward shock el ectrons as well 
jpan. Zhang & Weill2005l : IWang & Meszarosll2006l) . However, for 
the prompt 7-rays, this EIC process is unimportant since it is in 
the Klein-Nishina regime. Because the large radius lowers the op- 
tical depth, pair avalanche does not exist in this case. Here we fo- 
cus on the EIC radiation of the prompt optical emission. The en- 
ergy density of the emitted prompt photons is [/opt ~ ^^^f^'ic ~ 
0.05 L 

opt, 51 

r2.8^i7^7ei"gcm which is larger than Ub- So the 
cooling of the forward shock electrons is dominated by the EIC 
process. 

The number of the electrons swept by the forward shock is 

iVe.f ~ 4,7^ AR ~ 1.8 X 10^^^*,-2i?17.7. (16) 

The optical depth of the prompt photons for being scattered is thus 

T-f ~a^^^-3xl0-'yl*,-2i?r7'7. (17) 

Noticing that we don't know the spectrum in the optical band, 
we can only evalute the lower limit by taking the observed opti- 
cal emission as the peak. The total number of the optical photons 
reaching us (in unit area) can be estimated as 

A^tot.opt ~ ~ 10'cm-^ (18) 

where To-pt is the fluence of the prompt optical emission. 

For Fermi, the detectable number of the forward shock EIC 
radiation can be estimated as 

iVdct,f ~ TfiVtot.optSdct ~ 30. (19) 

Usually for an integration time tint ^ 10^ sec, LAT needs 
5 high energy photons to claim a significant d etection (e.g., 
IZhang & Meszarosll200ll : iFan. Zhang & Weill2005l) . With a dura- 
tion of 120 s, and for the typical energy of ~ 10 GeV, this detection 
corresponds to 8 x lQ~^erg/ s/cm? . We plot such a threshold in 
Fig|2]and find out that the forward shock EIC emission component 
is detectable in ~ 100 s, longer than the prompt soft gamma-ray 
emission. 

The typical energy of these forward shock EIC photons is 

h^mcf ~ 2min{7c,f, 7m,f}^J^opt ~ 10 GeV, (20) 

where 7c,f ~ 10^ri8i?i7.7L-p\ 5^ and 7n,,f ~ 4 x lO-^Fa.s. 

The Compton parameter ^Eicf ~ 7m f'''t ~ 10- As the emit- 
ted energy of the optical photons was 3 x lO^^ergs (isotropic), the 
total energy of the EIC photons by forward shocked electrons is 
~ 3 X 10^^ ergs. 

In the rest frame of the forward shock, the seed optical pho- 
tons have a typical energy ~ 7efti^opt/r < rUeC? for 7e < 
10**r2.8(/i!^opt/2eV)"^ So the EIC scattering in the forward 
shock front is well in the Thompson regime. The resulting spec- 
trum for V < !^p;ic,f < 1 TeV is expected to be not steeper 
than Fi, On the other hand, the absorption 

de pth for a 30 GeV photons from a redshift 2 ~ 1 is only about 
I dStecker. Malkan & Scullvll2006h . So we expect that, if Fermi 
worked at that moment, it could have detected some photons as 
energetic as ^ 30 GeV. 

Though very bright optical flashes from GRBs are very rare, a 




t (sec) 

Figure 2. The numerical light curve of GRB 0803 19B forward shock EIC 
emission, and the prompt optical prototype is also shown. The dash dot- 
doted line represents the detection of five ~ 10 GeV photons in 120 sec by 
LAT onboard Fermi satellite. 



few such events are still possible during Fermi's 10 years of opera- 
tion. Since the EIC component from the forward shock region can 
give rise to a significant dete ction for a Ferm i-like satellite, here 
we use the numerical code bv lFan et al.l j2008l) to a more detailed 
estimate. For simplicity, we approximate the prompt optical emis- 
sion flux by F = 10~'^(t/10)'' ergs"^ cm"^ for t < 10 sec, 
a constant plateau lasting till t ^ 60 sec, and F = afterward. 
The o ptical spectrum is set as a typical Band function jBand et ahl 
for which (the break energy, the low energy spectral index, 
the high energy spectral index) are taken as (2 eV, -1, -2.25), re- 
spectively. Notice that it is also a lower limit, as we take the V band 
as the peak. As shown in Fig. |2] the forward shock EIC emission 
lasts about twice that of the prompt emission. This is because the 
duration of the high-energy emission is affecte d by the spherical 
curvature of the blast wave (Belobor odovll2005l) and is further ex- 
tende d by the highly anisotropic radiation of the up -scattered pho- 
tons jFan & PiranH200d IWang & Meszarosll2006h . We also find 
out that the total energy of the EIC emission is about 10 times that 
of the prompt optical emission, consistent with our analytical esti- 
mate. 



2.3 The late GeV- TeV emission of the external forward shock 

The high energy emission of the external forward shock has been 
extensively discussed in literature since 1994 (Meszaros & Rees 
1994; Dermer, Chiang & Mitman 2000; Sari & Esin 2001; Wang, 
Dai & Lu 2001; Zhang & Meszaros 2001; Fan et al. 2008). GRB 
0803 19B is distinguished from most bursts by its huge iJicn and 
by the large contrast between en,c and en,B, both indicating a very 
strong high energy radiation component. 

In the very early afterglow phase (t ^ 60 s), the Lorentz fac- 
tor of the forward shock is almost a constant. The typical Lorentz 
factor of the shocked electrons is 7^ ~ 4 x 10''ec.n,-ir2.8. 

After that, the forward shock forms a self-similar profile and 
its Lorentz factor can be estimated as 

r ~ 310(1 + zy^'Ei^^l,,,,A:^_!,%'^\ (21) 
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The typical Lorentz factor of the shocked electrons is 



7m ~ 2 X 10^(1 + ^)'/'ec,n.-i<„'55.5A: 



1/4-1/4 
,-2 ^3 



(22) 



10" 



At this stage, th e forward shock is in the slow cooling phase 
( iRacusin et alj2008h . and < ux < J^bat < fc, where ubat ~ 
lO'^" Hz is the frequency of the BAT detector onboard Swift satellite 
and Ucis the cooling frequency 0. On the other hand, Fme / 7™ ~ 
meC^/100 ~ 10^** Hz < Uc, implying that the SSC emission of the 
electrons with a Lorentz factor ~ 7c is in extreme Klein-Nishina 
regime and it is effectively suppressed. So we expect that the SSC 
emission will peak at an energy 



1/2 



.a: 



1/2^-1/2 



-2 '-3 



TeV, (23) 



for the late afterglow. The SSC emission of the forward shock in 
the very early afterglow phase overlap with the GeV-TeV emission 
of the prompt phase and is very likely to be outshone. Below we 
just discuss the SSC emission of the forward shock in the normal 
decline phase {t > 60 sec). 

To check our estimate, we calculate numerically with Fan et 
al.'s code (2008) the forward shock emission spectrum. As shown 
in FiglD the SSC emission peaks at TeV energies, with a fluence 
~ 6 X 10~®erg cm~^, and an isotropic energy ~ 3 x lO^^erg. The 
detection of the TeV emission is beyond the scope of the Fermi 
satellite. Ground based Cherenkov telescopes, like MAGIC and 
H.E.S.S, may be suitable to detect these energetic signals. However, 
before reaching us, these TeV photons would have been absorbed 
by the infrared background photons, and such emission could be 
seen only from rare very nearby sources. 

We find in Fig[3]that for a Fermi-like satellite the MeV-GeV 
synchrotron radiation of the forward shock may give rise to a de- 
tectable signal. In our calculation, we take a maxim al Lorentz fac- 
tor of the shocked electrons 7m ~ 4 x lO^B"^'^^ dCheng & Weil 
where B is the magnetic field generated in the shock front. 
This leads to the synchr otron GeV cutoff (see FigO. As a numer- 
ical example, following ' Fan et al] ( |2008[) . we take a real effective 
area of LAT and integrate the spectrum over the frequencies to es- 
timate the number of detectable photons. For this particular exam- 
ple, the LAT onboard Fermi can detect ~ 400 ( > 20 MeV), ~ 20 
( > 1 GeV), and ~ 0.1 ( > 100 GeV, without the correction due 
to the absorption by the infrared background photons) high energy 
photons. This would be a very exciting detection. 
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Figure 3. The integral of vF^, including the synchrotron + SSC compo- 
nents, in the time interval 60 sec — 2000 sec. 



afterglow data are unavailable and the constraints on the model are 
not very tight. 

GRB 080514B: the burst ligh t curve shows a multi-p eaked 
structure with a duration of ~ 7s jGolenetskii eTaP 12008a '). The 
high energy emission lasted about 2 times longer than the MeV 
emission and the most inten se high energy emis sion arrived at 
~ 10 sec after the trigger toiuliani et al.l l2008h . We interpret 
such an intense high energy flash as the EIC emission in the 
reverse shock region. In this case, some seed photons (the prompt 
MeV emission) are upscattered by the rev erse shock electrons 
and are boosted to an energy < 1 GeV teeloborodovl l2005l : 
iFan. Zhang & Weil l2005h . The main advantage of this model is 
that the duration of the high energy emission is longer than that 
of the prompt soft 7-ray emission by a factor of 2, consistent with 
the observation. There are also 2 high energy photons detected 
at ~ 26 s. They may be the synchrotron or SSC emission of the 
forward shock. The possibility that they are the SSC emission of 
an underlying X-ray flare (Wei, Yan & Fan 2006; Wang, Li & 
Meszaros 2006; Galli & Guetta 2008; Fan et al. 2008) cannot be 
ruled out. The lack of the simultaneous XRT observation makes it 
difficult to draw further conclusion. 



3 ORIGINS OF GEV EMISSION OF SOME RECENT 
ORBS 

Recently high energy emission h as been detected by AGILE: 
GRB 0805 14B ('Giu liani et alj2008l) . and by Fermi: GRB 080825C 
ISouvier et al. 200 8), GRB 080 9I6C (Tajima et al. 2008) and GRB 
08I024B dOmodei et al.ll2008l) . We can apply the above consider- 
ations for GRB 0803 19B to all these bursts, though the very early 



^ For V > Uc, the synchrotron radiation spectrum is oc u P"/^. On 
the other hand, the maximum synchrot ron radiation frequency ~ 
30r/(l -I- 2) MeV <Cheng& Weil 19961) is up to a few GeV for T ^ 300. 
It is straightforward to show that the fluence of the high energy afterglow 
emission in the energy range of LAT is in order of 10~^ erg cm~^, com- 
parable to the fluence of the soft X-ray/7-ray afterglow emission. Such a 
conclusion is almost independent of the afterglow models. 



GRB 080916C was a long burst with a duration ~ 60s. 
The time averaged spectrum, from 8 keV up to 30 MeV, of the 
main emission is best fitted by a Band function with Ep — 
424 ± 24keV, a = -0.91 ± 0.02, and (3 = -2.08 ± 
0.06. The fluence (8 keV - 30 MeV) is 1.9 x lO'^erg/cm^ 
( Ivan der Horst & Goldstein I l2008i. Swift) (slightly different in 
Konus-Wind observation, iGolenetskii et al.l l2008al) . More than 
10 photons are observed above 1 GeV during the prompt phase 
(Tajima et al. 2008) a nd the hi gh energy emission lasted longer than 
the soft 7— rays dAbdo et al.H2009l) . This was a very bright burst 
with a hard spectrum. A simple extension of the keV— MeV spec- 
trum to higher energy range gives Ai'(30MeV — IGeV) ~ 700, 
iV(l - lOGeV) ~ 100 and iV(> lOGeV) ^ 9 by LAT (on- 
axis case), eno ugh to match the observation dTaiima et al.ll200^ ; 
IOmodeill200^ . This fact suggests that the synchrotron radiation 
of the internal shocks plays an important role in producing high 
energy prompt emission. 

The redshift of GRB 0809 1 6C is estimated to be ~ 4.5 ± 0.1 
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( lGreineretani2009l) . The peak luminosity is thus as high as ~ 

5 X 10^^ erg s~^. The typical variabi lity timescale is suggested to 
be as lone as ~ 2 s jAbdo et alJ2009l) . With these information, the 
detection of > 10 GeV prompt emission gives a tight constraint on 
the initial bulk Lorentz factor of the GRB outflow, i.e. (Lithiwick 

6 Sari 2001; Fan & Piran 2008; Gupta & Zhang 2008), 



Ti > 400( 



lOGeV 



Using the maximal synchrotro n radiation frequency of the shocks 
hi^M ~ 30r/(l + z) MeV i lCheng&Weilll99dh . we find that 
if the high energy emission up to ~ 10 GeV is attributed to the 
synchrotron radiation of internal shocks, the initial Lorentz factor 
should satisfy: 



Ti ^ 1800 



1 + Z hUcut 

5.5 10 GeV 



A Fi much higher than 2000 is unlikely. So this strongly suggests 
that the internal shocks can accelerate high energy particles (both 
protons and electrons) very efficiently and the highest energy of 
electrons is limited by the loss via synchrotron radiation. The en- 
ergy distribution index of the shock-accelerated electrons (p ~ 2.4) 
is also close to that predicted in the theory. This is a very encour- 
aging news for the people interested in the ultra-high energy par- 
ticle acceleration in GRBs. However, we'd like to caution that it 
is the only case a mong the 70 events observed so far by Fermi 
jAbdo et al.l| 2009l). It might be too early to say more at this mo- 
ment. 

The internal shock synchrotr on radiation cann ot account for 
the delayed high energy emission dAbdo et al.ll200^ . The possible 
mechanisms that can produce this emission are (i) the EIC emis- 
sion from the reverse-forward shock regions, (ii) the SSC emission 
of the forward shock and (iii) SSC emission of the weak internal 
shocks powering an extended X-ray emission component that is 
below the threshold of GBM. 

The spectrum of the ^ 100 MeV emission i n the time 
interv al - 200 - 1400 sec is oc ,y-i-8±0-5 jAbdo et al.l 
l2009l) . Such a soft spectrum imposes a tight constraint on the 
models. In the standard afterglow model, the late time infrared and 
X-ray afterglow ( Greiner et al. 2009) can only be interpreted as 
the forward shock emission of an ejecta expanding into a weak 
stellar wind. Like in GRB 0803 19B, an A. ~ 0.01 is needed 
to have a cooling frequency above the XRT energy range at 
t ^ 1 day (Gao et al. 2009, in preparation). An electron energy 
distribution index p 2.2 can reproduce both the infrared to X-ray 



spectrum Fi, oc u 



and the X-ray (infrared) afterglow decline 



^ ^-i.29±o.09 (^-i.40±o.05-, spectrum of the SSC or the EIC 
emissior[f| of the forward shock should have a spectrum not steeper 



than u-P/^ 



and can only marginally match the data. 



So we prefer the possibility (iii). For the X-ray emission powered 
by the prolonged activity of the central engine, the SSC emission 
ca n peak at an ene rgy < 550[(1 -I- z)/5.5] MeV (see section 5.1 
of lFanetalJl2008l . for details). In this case, the electron energy 
distribution index is irrelevant to that of the afterglow electrons and 
can be as large as ~ 3, as found in the spectrum analysis of X-ray 
flares jButler & KocevskilbOOTl) . As a result, the soft spectrum of 



^ For the EIC model, the flare photo ns should peak in far ultraviolet band, 
as suggested in iFan & Piran I j2006l) . otherwise the typical energy of the 
scattered photons will be well above ~ 100(1 + z) MeV and we need a 
very strong X-ray flare to account for the detected high energy photons. 



the delayed > 100 MeV emission may be interpreted. 

GRB 08102 4B was a short burst with a duration ~ 0.4 - 0.8s 
dConnaughton et al. 2008; Hanabata et al. 2008). The LAT saw the 
emission from this source up to 3 GeV, in the first 5 seconds 
after the trigger. Here we consider two possible interpretations. 
One is that the delayed emission is the SSC component of an ex- 
tended/prompt soft X-ray emission. Following Fan & Piran (2008; 
see their eqs. (47-49)), the typical frequency of the internal shock 
SSC emission can be estimated as 



75 MeV (£p/0.3 keV)'ftnt,i4ix,44'(l + Y. 



.1/2 



where _Rint is the radius of the continued but weak internal shocks 
that power the underlying prompt X-ray emission with a luminos- 
ity Lx, and Y^sc is the SSC parameter of the internal shocks. This 
model requires a unmagnetized outflow launched by the continued 
activity of the central engine, in contradiction with most models 
proposed so far (see Zhang 2006 for a review). If confirmed, a strin- 
gent constraint on the nature of the extended emission following 
short GRBs will be established. So, in principle, the cooperation 
of Swift and Fermi satellite can reveal the nature of the late out- 
flow powering the extended emission. The other possible origin of 
the delayed high energy emission is the SSC emission of the for- 
ward shock. It is straightforward to show that the outflow with an 
initial Lorentz factor Fi ~ 400 gets decelerated in the interstellar 
medium with a number density ~ 1 cm~^ in ~ 5 sec. The typical 
SSC emission frequency of the forward shock can be estimated as 



SSC emission frequency ot the torwar d 
jSari & Esinll200l| - |Fan & Piran |2008|) 



hut 



25 GeV et 



1/2 



13 (p - 2) 



3(p- 



-9/4 



One may be able to distinguish between the above two scenarios by 
analyzing the spectrum. If the delayed high energy emission is the 
SSC component of extended but weak internal shocks, the 0.1 — 3 
GeV spectrum is expected to be steeper than v"^. If the delayed 
high energy emission is the SSC component of external forward 
shock, the 0.1 — 3 GeV spectrum is expected to be u^^''^ unless 
p ~ 2. The forward shock synchrotron radiation can also give rise 
to GeV emission. It is, however, difficult to say more concerning 
this possibility because the early afterglow physics of short GRBs 
is still poorly understood. 



4 CONCLUSIONS AND DISCUSSIONS 

High-energy emission provides a new window into prompt emis- 
sion/afterglow physics and can provide an independent test of 
models. Motivated by this, we calculate the possible high-energy 
prompt/afterglow emission in GRB 0803 19B that was distin- 
guished by a naked-eye optical flash and by an unusual strong early 
X-ray afterglow. Two possible GeV-TeV emission components may 
be related to the naked-eye optical flash. The first is the Inverse 
Compton scattering of the prompt optical photons by electrons pro- 
ducing the soft 7-rays. The second is the very early EIC emission 
from the forward shock region when the prompt optical emission 
overlaps the shock front. The difference is their duration. The for- 
mer is expected to be simultaneous with the prompt soft 7-ray emis- 
sion while the latter lasts longer (see Fig[2]l. The synchrotron radi- 
ation of the forward shock can give rise to a significant detection, 
too (see Tab.[T]for a summary). This component may be more com- 
mon than the two that depend on a strong optical flash as which is 
quite rare. The detection prospect of the forward shock synchrotron 



8 Y. C. Zou, Y. Z. Fan & T. Piran 



Table 1. The expected emission of high energy photons (mostly inverse 
Compton scattering) from different origins for GRB 0803 19B, which 
should be detectable by LAT onboard Fermi satellite. 



Seeds region for duration (s) typical photon detectable 

electrons energy (GeV) photons 

7-rays prompt opt 60 > 8 ^ 100 

opt prompt 7-ray ~ 60 ~ 15 ~ 240 1 

7-rays reverse shock 10^ ~ 13 ~ 3 

opt forward shock 10^ ~ 10 ~ 30 

afterglow (Synchrotron) ~ 10^ 0.01-0.1 ~ 400 

afterglow external shock 10^ ~ 10^ ~ 0.04 * 

^This case is less likely, and possibly alternates with the former case. 
Supposing an instrument with effect area lO'^cm^ and without con- 
sidering the absorption on the way to the observer. 



iMimica et al. Il20(58l) and cannot play an important role in produc- 
ing high energy emission. (4) The EIC in the late afterglow phase 
caused by X-ray flares can also give rise to GeV emission. However 
the luminosity is lowered since its duration has been significantly 
extended. Usually LAT is unable to catch such a weak signal. 
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radiation by LAT is fairly good. For the Swift GRBs detected so 
far, GRBs 060105, 061007, 070419B and 080721 have a 0.3 - 10 
keV flux ~ 10~* ergs~^ cm~^ at t ~ 100 s after the trigger 
('http://www.swift.ac.uk/xrt_curves/; Evans et al. 2007). Though 
about one order of magnitude lower than that of GRB 0803 19B, 
they are strong enough to produce a GeV synchrotron emission de- 
tectable by LAT as long as the synchrotron spectrum can indeed 
extend to an energy ~ 30r/(l + z) MeV. The forward shock SSC 
emission of these very bright events may be more suitable for the 
ground-based Cherenkov telescopes, like MAGIC or H.E.S.S. 

In section 3, we discussed the possible physical origin of the 
high energy emission of GRB 080514B, GRB 080916C and GRB 
081024B. We find that these detections can be generally understood 
by the synchrotron and inverse Compton radiation of the internal 
shocks or external shocks. For example, the delayed sub-GeV flash 
detected in GRB 0805 14B may be the EIC emission from the re- 
verse shock region and the prompt GeV-emission of GRB 080916C 
may be dominated by the synchrotron radiation of the internal 
shocks. The "long lasting" high energy emission detection in the 
short burst GRB 081024B may be attributed to the SSC emission 
of the decelerated forward shock or the internal shocks powering an 
extended X-ray component which is below the threshold of GBM. 
However, as lack of detailed observations, it is defficult to draw a 
firm conclusion. 

Finally we focus on the common feature that the high energy 
emission usually lasts longer than the prompt soft 7-rays, as de- 
tected in GRB 080514B, GRB 080916C and GRB 081024B. Such 
a phenomena, peculiar in pre-afterglow era, may be explained as: 
(1) The synchrotron and the SSC emission of the long lasting for- 
ward external shock can contribute to the high energy emission 
significantly. (2) The GRB central engines usually do not turn off 
abruptly. The SSC emission of the continued but weak internal 
shocks may peak at GeV energies. (3) If a (mildly) relativistic re- 
verse shock formed, the prompt optical/X-ray/7-ray photons over- 
lap the external shock fronts tightly and cool the accelerated elec- 
trons effectively. This process will produce a GeV emission com- 
ponent with a duration about twice that of the prompt photons. For 
a sub-relativistic reverse shock, the prompt soft 7-ray photons ex- 
ceed the external shock fronts quickly. Its effect on cooling the re- 
verse/forward shock electrons can be ignored. However in such a 
case the electrons/protons accelerated in rev erse shock contain just 
< 10% of the total energy of the GRB ejecta jNakar & Piran |2004 



REFERENCES 

Abdo A. A., et al., 2009, Science, in press 

Band D. et al., 1993, ApJ, 413, 281 

Beloborodov A. M., 2005, ApJ, 618, L13 

Blandford R. D., McKee C. F, 1976, Phys. Fluids., 19, 1130 

Bloom J. S., et al., 2008, ApJ submitted (arXiv:0803.32i5 I 

Bouvier A., et al., 2008, GCN circular, 8183 

Butler N. R., Kocevski D., 2007, ApJ, 663, 407 

Cheng K. S., Wei D. M., 1996, MNRAS, 283, L133 

Chevalier R. A., Li Z. Y, 2000, ApJ, 536, 195 

Connaughton V, et al., 2008, GCN circular, 8408 

Cwiok M., et al., 2008, GCN circular, 7445 

Dai Z. G., Lu T, 1998, MNRAS, 298, 87 

Dermer C. D., Chiang J., Mitman K. E., 2000, ApJ, 537, 785 

Evans P A., et al., 2007, A&A, 469, 379 

Fan Y. Z., Dai Z. G., Huang Y. F, Lu T, 2002, ChJAA, 2, 449 

Fan Y. Z., Piran T, 2006, MNRAS, 370, L24 

Fan Y. Z., Piran T, 2008, Front. Phys. Chin., 3, 306 

(arXiv:0805.2221) 
Fan Y. Z., Piran T, Narayan R., Wei D. M., 2008, MNRAS, 384, 

1483 

Fan Y. Z., Zhang B., Wei D. M., 2005, ApJ, 629, 334 

Fan Y. Z., Zhang B., Wei D. M., 2009, Phys. Rev. D., 79, 021301 

Gafli A., Guetta D. A., 2008, A&A, 480, 5 

Giuhani A., et al., 2008, A&A, 491, L25 

Golenetskii, S., Aptekar, R., Mazets, E., Pal'shin, B., Frederiks, 

D., Cline, T, 2008, GCN circualr, 7482 
Golenetskii S., et al., 2008, GCN circular 7751 
Golenetskii S., et al., 2008b, GCN circular 8258 
Gonzalez M. M., Dingus B. L., Kaneko Y, Freeze R. D., Dermer 

C. D., Briggs M. S., 2003, Nature, 424, 749 
Greiner J., et al., 2009, A&A (arXiv:0902.0761) 
Gupta N., Zhang B., 2008, MNRAS, 384, Lll 
Hanabata Y, et al., GCN circular, 8444 

Hurley K., Dingus B. L., Mukherjee R., et al., 1994, Nature, 372, 
652 

Jin Z. P, Fan Y. Z., 2007, MNRAS, 378, 1043 

Jin Z. P, Yan T, Fan Y. Z., Wei D. M. 2007, ApJ, 656, L57 

Karpov S., et al., 2008, GCN Circular 7502 

Kumar R, Panaitescu A., 2003, MNRAS, 346, 905 

Kumar R, Panaitescu, A., 2008, MNRAS, 391, L19 

McMahon E., Kumar P, Piran T, 2006, MNRAS, 366, 575 



GRB 080319B high 

Margutti R., Guidorzi CChincarini G., Pasotti F.,Covino S., Mao 

J., 2008, arXiv:0809.0189 
Marisaldi M., et al., 2008, GCN circular, 7457 
Meszaros P., 2002, ARA&A, 40, 137 
Meszaros R, Rees M. J., 1994, MNRAS, 269, L41 
Mimica P., Giannios D., Aloy M. A., 2008, A&A, in press 

^Xiv:0810.2961l 
Nakar E., Piran T, 2004, MNRAS, 353, 647 
Nakar E., Piran T, 2005, ApJ, 619, L147 
Omodei N., et al., 2008, GCN circular, 8407 
Omodei N., 2008, talk given at the "6th Workshop on Science with 

the New Generation of High Energy Gamma-ray Experiments" 

( http://glast.pi.infn.it/presentations/081008- GRB_Abano.pptf 
Panaitescu A., Kumar P, 2001, ApJ, 554, 667 
Piran T., 2004, Rev. Mod. Phys., 76, 1 143 

Piran T, Sari R., Zou Y. C., 2008, MNRAS, in press 

(arXiv:0807.3954l 
Racusin J., et al., 2008b, GCN circular, 7427 
Racusin J. L., et al., 2008, Nature, 455, 183 
Sari, R., Esin, A., 2001, ApJ, 548, 787 
Sari R., Piran T, Narayan R., 1998, ApJ, 497, L17 
Stecker R W., Malkan, M. A., Scully S. T., Astrophys. J., 2006, 

648, 774 

Tajima H., et al., 2008, GCN circular, 8246 

van der Horst A., Goldstein A., 2008, GCN circular, 8278 

Vreeswijk P M., et al., 2008, GCN circular, 7444 

Wang X. Y, Dai Z. G. & Lu T., 2001, ApJ, 556, 1010 

Wang X. Y, Li Z., Meszaros P, 2006, ApJ, 641, L89 

Wang X. Y, Meszaros P, 2006, ApJ, 643, L95 

Wei D. M., Yan T, Fan Y. Z., 2006, ApJ, 636, L69 

Wu X. R, et al., 2008, ApJ, to be submitted 

Zhang B., 2006, AIPC, 838, 392 

Zhang B., 2007, ChJAA, 7, 1 

Zhang B., Kobayashi S., Meszaros P 2003, ApJ, 595, 950 
Zhang B., Meszaros P, 2001, ApJ, 559, 110 
Zou Y. C, Wu X. R, Dai Z. G., 2005, MNRAS, 363, 93 
Zou Y. C, Piran T., Sari R., 2009, ApJ, 692, L92 



